We studied the structural and electrical properties of SrRuO 3 thin films grown on SrTiO 3 (110) substrate. High resolution X-ray diffraction measurement of the grown film showed 1) very sharp peaks for SrRuO 3 film with a very narrow rocking curve with FWHM = 0.045 o and 2) coherent growth behavior having the same in-plane lattice constants of the film as those of the substrate. The resisitivity data showed good metallic behavior; ρ = 63 (205) μΩ·cm at 5 (300) K with a residual resistivity ratio of ~3. The observed kink at ρ(T) showed that the ferromagnetic transition temperature was ~10 K higher than that of SrRuO 3 thin film grown on SrTiO 3 (001) substrate. The observed rather lower RRR value could be partially due to a very small amount of Ru vacancy generally observed in SrRuO 3 thin films grown by PLD method and is evident in the larger unit-cell volume compared to that of stoichiometric thin film.
Introduction
SrRuO 3 (SRO) is an itinerant ferromagnetic material and has attracted the attention of many researchers from 1970 [1] . Structurally, SRO is an end member of a wellknown series of ruthenates Sr n+1 Ru n O 3n+1 which includes a novel superconductor of Sr 2 RuO 4 . At low temperatures SRO is a Fermi liquid [2] while it exhibits bad metal behavior at high temperatures [3] . Due to its low resistivity and chemical stability, thin films of SRO have drawn tremendous interest as a conducting layer in epitaxial multilayered devices made of metal oxides, for example, as electrodes in oxide.
As previously studied, structural modification through to epitaxial strain in thin films modulates its magnetic properties significantly [4] . The SRO thin films have been grown most frequently on (001) plane of cubic substrate. Here, the in-plane compressive strain in SRO thin film grown coherently on SrTiO 3 (STO) (001) substrate pushes the magnetic easy axis normal to the surface direction and suppressed T c to about 150 K [4] . Previously, we demonstrated the trends of inherently lower lattice mismatch of an orthorhombic crystal along the cubic substrate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] in-plane direction than along the cubic substrate [001] inplane direction [5] . Here, we deposited SRO on STO (110) substrate to study the structural and electrical properties of the film. The lattice constants of SRO are a = 5.567 (3.936× ) Å, b = 5.5304 (3.9106× ) Å, and c = 7.8446 (3.9223×2) Å and those for STO in 'pseudo-orthorhombic' notation are a = b = 5.523 (3.905× ) Å, c = 7.81 (3.905 ×2) Å. Note that we used pseudo-cubic lattice notation for SRO for easy comparison.
Experimental
SRO thin films were grown by using a pulsed laser deposition method with KrF excimer laser pulses of 36 mJ (measured just before laser window) focused on a stoichiometric ceramic target [5] [6] [7] [8] . For simplicity, we will use "SRO 001 film" and "SRO 110 film," for the SRO film grown on STO (001) substrate and STO (110) substrate, respectively. The substrate was in-situ annealed at 950 o C at 10 −7 Torr for 5 minutes. The films were grown T ~750 o C and oxygen partial pressure during the growth was approximately ~100 mTorr. Reflection high-energy electron diffraction was used for in-situ monitoring of the surface during the growth of film. The typical thickness for the grown films was 30 nm. The crystal structure of the grown films was identified by using a high-resolution Xray diffractometer having Cu-k α radiation and transport properties of the films were obtained by using a physical property measurement system (PPMS, Quantum Design).
Results and Discussion
Figure 1(a) shows the RHEED image of STO (110) substrate after 5 minutes in-situ annealing under T = 950 o C at 10-7 Torr inside the PLD chamber. The brightest spot within the white box clearly shows that the surface of the substrate is atomically flat. However, the surface became rough as soon as SRO thin film grew. The rectangular array of white spots in Fig. 1(b) shows the island growth mode. This growth mode is in sharp contrast with the step-flow mode observed in the SRO film grown on top of STO (001) substrate [5] . While there was a model that attempted to rationalize the diverse growth modes observed in the PLD of SRO on STO (001) substrates, the existence of the highly polar stacking layer of SrTiO 4+ or O 2 4− in the STO (110) surface may be another factor to avoid the step flow mode [9, 10] .
Even though the surface of the SRO 110 film is not as perfect as that of SRO thin film grown on STO (001) substrate whose stacking layer is electrically neutral, the quality of crystallinity was the same as that of SRO thin film grown on STO (001) substrate. There was a strong SRO film peak near 2θ = 31.988° together with the strongest substrate peak near 2θ = 32.400°. The calculated lattice constant of the SRO 110 film was d 110 = 2.7956 Å = (3.954 ± 0.001) Å/ which is a quite reasonable value [7] . The quality of the film was also identified by the very narrow rocking curve widths of 0.045° for the SRO (110)c peak. [We use pseudo-cubic notation for SRO.] To obtain the in-plane lattice constants, we measured the X-ray reciprocal space mapping around the STO (400) plane and the STO (222) plane. The X-ray reciprocal space mapping in Fig. 3 shows strong film peaks in the lower region and two very strong substrate peaks in the upper region. The clear separation of the film peaks corresponding to Cu kα1 and kα2 radiation means that the in-plane coherent epitaxial growth of the SRO 110 film is excellent along both the STO [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] (110) substrate. This also indicates that the films are under compressive strain along both in-plane directions while the amount of strain is different from each other [5, 7, 8] .
Combining the HRXRD data, we can calculate the unit cell volume of the SRO 110 film; V pseudocubic = 3.905 2 × 3.954
The volume is smaller than that of bulk SRO, which is generally explained by the effect of compressive strain. Figure 4 presents the temperature dependence for the resistivity of the SRO 110 film. For the SRO 110 film, the room temperature resistivity was ρ(300 K)~205 μΩ·cm and the resistivity at 5 K was ~63 μΩ·cm with a residual resistivity ratio (RRR) of 3. While the resistivity at low temperatures was higher than expected, the upturn of resistivity at low temperatures observed for other group's SRO films was not observed in our SRO 110 film [11] . The kink in the resistivity near 160 K is known to be caused by the ferromagnetic transition temperature. For comparison we inserted ρ(T) of SRO 001 film. So, the ferromagnetic transition temperature of the SRO 110 film is a little bit higher than that of the SRO 001 film grown on STO (001) substrate. [We also plotted the dr/dT curve where main peak is related to ferromagnetic transition.] This difference can be explained by the smaller lattice mismatch which becomes available by adopting (110) plane of cubic substrate instead of (001) plane to grow orthorhombic crystal [5, 7, 8] . With orthorhombic a-axis growth of the SRO film on a STO (110) substrate, the mismatch along the STO [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] in-plane direction is lower than that along the STO [001] in-plane direction. Moreover, these mismatches are smaller than those observed in SRO film grown on STO (001) substrate.
The overall resistivity value for the SRO 110 film was higher than that for the SRO 001 film, especially at low temperatures. The unit cell volume of the SRO 110 film was 3.905 2 × 3.955 = 3.921 3 Å 3 in pseudo-cubic notation which is smaller than that of bulk. However, unit cell volume 241.18 Å 3 in orthorhombic notation is larger than that of cation stoichiometric film [12] . Siemons et al., estimated that the Ru vacancy concentration causing drastic change of RRR is much smaller than a few percent for the range of samples they studied, from the fact that the decrease of curie temperature is as small as ~10 K [12] . According to the recent review paper, this volume expansion came from Ru vacancy and gives a smaller RRR value. However, the orthorhombic volume 241.18 Å 3 corresponds to RRR ~10 in the paper and our RRR value is three times smaller than that. So, simple explanation in terms of a structural factor such as volume expansion is not enough to explain different RRR values even though we accept that PLD grown SRO films have a greater tendency to have larger lattice volume and lower RRR values [12] .
Conclusions
We studied the structural and electrical properties of SrRuO 3 thin films grown on SrTiO 3 (110) substrate. While the surface of the film was not as perfectly flat as that of SrRuO 3 thin films grown on SrTiO 3 (001) substrate, the quality of crystallinity was the same as that of SrRuO 3 thin films grown on SrTiO 3 (001) substrate. The resisitivity data showed good metallic behavior, but with a rather smaller value of residual resistivity ratio of ~3. The lower RRR value could be partially due to the minimal amount of Ru vacancy generally observed in PLD grown SrRuO 3 thin films. Fig. 4 . Resistivity curve for the SrRuO 3 thin film on SrTiO 3 (110) substrate with two current directions. For comparison, the resistivity curve for the SrRuO 3 thin film on SrTiO 3 (001) substrate with current direction along the in-plane direction is also shown.
